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We demonstrate how Rydberg atoms and the phenomena of electromagnetically induced transparency can
be used to aid in the recording of a musical instrument in real time as it is played. Also, by using two
different atomic species (cesium and rubidium) in the same vapor cell, we demonstrate the ability to record
two guitars simultaneously, where each atomic species detects and allows for the recording of each guitar
separately. The approach shows how audio data (the musical composition) can be detected with a quantum
system, illustrating that due to the research over the past decade we can now control ensembles of atoms to
such an extent that we can use them in this “entertaining” example of recording a musical instrument.
Rydberg atoms are atoms with one or more electrons
excited to a very high principal quantum number n1.
These atoms have several useful properties that scale as
n. They have very large dipole moments (that scale as
n2). Their polarizability scales as n7, and their lifetime
scales as n3. The spacing between the Rydberg levels
scales as 1/n3. Rydberg atoms have large range interac-
tions between each other that scales as n4/R3 (where R
is the inter-atomic distance) and have a van der Waals
interaction that scales as n11/R6. These various proper-
ties allow for a large array of applications and interesting
physics. For example, (1) the large dipole moments make
them sensitive to electric fields, making for good field sen-
sors, (2) the long lifetimes could lead to the development
of new laser sources, and (3) the large interaction lengths
create the possibilities for qubits and highly-entangled
cluster states, just to mention a few.
Significant progress has been made in the development
of radio frequency (RF) electric (E) field strength and
power metrology techniques based on the large dipole
moments associated with Rydberg states of alkali atomic
vapor placed in glass cells2–20. In this approach, the con-
cept of electromagnetically induced transparency (EIT)
is used for the E-field sensing, performed either when the
RF field is on-resonance of a Rydberg transition (using
Autler-Townes (AT) splitting) or off-resonance (using AC
Stark shifts).
This Rydberg-atom based sensor can act as compact
reciever/antenna, enabling quantum-based receivers to
be used in communication applications to detect and re-
ceive modulated signals21–28. This has led to the new
term “atom-radio”26,29. Recently we extended the atom
receiver to develop a Rydberg atom-based mixer that al-
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lows for the measurement of the phase of an RF wave30,
which was the needed missing link for Rydberg atom-
based quantum sensors to be able to fully characterize
the RF E-field in one compact vapor cell.
In this paper we illustrate how this Rydberg-atom EIT-
based approach can be used as a means to both record
(in real time) the output of a guitar (or any other musical
instrument), and to listen to the output of a guitar as it
is played through a set of speakers. We also demonstrate
the ability to detect and record two guitars simultane-
ously by using two different atomic species in the same
vapor cell. In this approach, we use the output of the
guitar to amplitude modulate (AM) a continuous wave
(CW) carrier. The AM modulated carrier is detected
and received with the Rydberg atoms. The output of the
Rydberg-atom based detector is both played through a
set of speakers and is also recorded through a computer.
One way of explaining how this works is, in effect, one is
hearing the change in the quantum state of the Rydberg
atoms at audio frequencies through the speakers.
The measurement approach is explained in detail in
Refs2–20; here we give a brief explanation. This tech-
nique is easily explained by a four-level atomic system
illuminated by a single weak (“probe”) light field. One
laser is used to probe the response of the atoms and a
second laser is used to excite the atoms to a Rydberg
state (the coupling laser), see Fig 1. [Note that Fig. 1
shows four lasers. We use two different atomic species
(cesium (133Cs) and rubidium (85Rb)) to simultaneously
record two guitars, which required the four lasers, two for
133Cs (a 850 nm probe laser and a 510 nm coupling laser)
and two for 85Rb (a 780 nm probe laser and a 480 nm
coupling laser). Each atomic species works in the same
way, the only difference is the wavelengths of the lasers
needed for the different two atomic species. The follow-
ing discussion concentrates on Rb.] In the presence of
the coupling laser, the atoms become transparent to the
probe laser transmission (this is the concept of EIT). Ap-
ar
X
iv
:1
90
4.
01
95
2v
1 
 [p
hy
sic
s.a
tom
-p
h]
  2
 A
pr
 20
19
2plying an RF field to this four-level atomic system causes
a splitting of the transmission spectrum (the EIT signal)
for the probe laser. This splitting of the probe laser spec-
trum is easily measured and is directly proportional to
the applied RF E-field amplitude (through Planck’s con-
stant and the dipole moment of the atom). By measuring
this splitting (∆fm), we get a direct measurement of the
magnitude of the RF E-field strength for a time-harmonic
field from3,4:
|E| = 2pi ~
℘
D∆fm = 2pi
~
℘
∆f0 , (1)
where ~ is Planck’s constant (defined in November 2018
in the re-definition of the International System of Units),
℘ is the atomic dipole moment of the RF transition (see
Ref.3,17 for discussion on determining ℘ and values for
various atomic states), ∆fm is the measured splitting,
∆fo = D∆fm, and D is a parameter whose value de-
pends on which of the two lasers is scanned during the
measurement. If the probe laser is scanned, D =
λp
λc
,
where λp and λc are the wavelengths of the probe and
coupling laser, respectively. This ratio is needed to ac-
count for the Doppler mismatch of the probe and cou-
pling lasers14,15. If the coupling laser is scanned, it is
not required to correct for the Doppler mismatch, and
D = 1. The phase of the RF field can also be measured
with a modification of the technique (by using a Rydberg
atom-based mixer30).
An example of a measured spectrum for an RF source
with different E-field strength is shown in Fig. 2(a). This
figure shows the measured EIT signal for two E-field
strengths. These results are for scanning the probe laser,
in which ∆p is the detuning of the probe laser (where
∆p = ωp − ωo; ωo is the on-resonance angular frequency
of the Rydberg state transition and ωp is the angular fre-
quency of the probe laser). Notice that the AT splitting
increases with increasing applied E-field strength. To
obtain these results, we use 85Rb atoms and the levels
|1〉, |2〉, |3〉, and |4〉 correspond respectively to the 85Rb
5S1/2 ground state, the 5P3/2 excited state, and two Ry-
dberg states. The coupling laser is locked to the 5P3/2
– 47D5/2
85Rb Rydberg transition (λc = 480.2704 nm).
The probe is scanned across to the D2 transition (5S1/2-
5P3/2 or wavelength of 780.241 nm). As is typically done,
we modulate the coupling laser amplitude with a 30 kHz
square wave and detect any resulting modulation of the
probe transmission with a lock-in amplifier. This removes
the Doppler background and brings the EIT signal out
of the noise, as shown by the curve with the one peak
in Fig. 2(a). Application of RF at 20.64 GHz to couples
states 47D5/2 and 48P3/2 splits the EIT peak (shown by
the two other curves in the figure).
There is a minimum RF field level that is required
before the splitting shown in Fig. 2(a) occurs. When an
RF-field strength is increased from zero, the amplitude
of the EIT signal decreases and its linewidth broadens
before the EIT signal splits into two peaks. This type of
behavior is shown in Fig. 2(b), where results for the EIT
FIG. 1. Illustration of a four-level system, the vapor cell setup
for measuring EIT, with counter-propagating probe and cou-
pling beams, and experimental setup used to record the out-
put of a guitar.
signal with no RF field and three cases for different RF
fields strengths are shown.
Here we used amplitude modulation (AM) to detect
and record the guitars, in which the output of the musical
instrument is used to AM modulate a carrier. We will
discuss the situation where the amplitude of the carrier
(and the modulation depth) is such that no splitting in
the EIT signal will occur (other situations are discussed
in Ref.24). The AM modulated carrier will only cause the
peak of the EIT line to move up and down the dashed
line shown in Fig. 2(b). Hence, by locking the probe
laser to ∆p = 0 (while also locking the coupling laser
to 5P3/2-47D5/2 Rydberg transition), the voltage output
of the photo-detector (the probe laser transmission) will
be directly correlated to the modulating signal. That is,
no demodulation circuity is needed. The Rydberg atoms
automatically demodulate the signal and we get a direct
read-out of the audio signal (the signal or waveform of
the musical composition in our case).
The experimental setup for transmitting, detecting, re-
ceiving, and recoding (or listening to) a guitar (or a gui-
tar duet) is shown in Fig. 1. We used an acoustic guitar
with an electronic pickup and an electric guitar. The
voltage output level of each guitar’s pickup needed to be
amplified before it was used to modulate a CW carrier.
3(a) (b)
FIG. 2. Illustration of the EIT signal (i.e., probe laser trans-
mission through the cell) as a function of probe laser detuning
∆p. This dataset is for 20.64 GHz and corresponds to this fol-
lowing 4-level 85Rb atomic system: 5S1/2− 5P3/2− 47D5/2−
48P3/2. (a) splitting of EIT signal
31 and (b) before splitting
of EIT signal (AM modulation scheme at the center of the
EIT signal).
The output of the each guitar pickup was fed through an
“in-house“ built voltage amplifier. The voltage amplifier
was simply an operational amplifier with one 1 kΩ re-
sistor and one variable resistor (with maximum value of
100 kΩ, which is controlled by a knob that ranges from
1 to 11). These two voltage waveforms from the two am-
plifiers were used to AM modulate two different carrier
frequencies. The acoustic guitar waveform modulated a
19.626 GHz carrier and the electric guitar waveform mod-
ulated a 20.644 GHz carrier. We used two different signal
generators (SG) to generate these two different continu-
ous wave (CW) signals. The modulation was performed
by using the AM feature in the SG. The SG AM feature
is limited to 100 kHz, which is adequate since the wave-
form for audio signals is limited to about 20 kHz. For
higher modulation rates, an external mixer is required
(as was done for receiving pseudo-random bit streams at
different modulation rates25).
Each SG is connected to two separate standard gain
horn antennas and each antenna is placed 15 cm from
a cylindrical glass vapor cell containing both 133Cs and
85Rb atomic vapor, see Fig. 1. The vapor cell has a
length of 75 mm and a diameter of 25 mm. The 133Cs
atoms are used to receive the 19.626 GHz modulated
carrier, and the 85Rb atoms are used to receive the
20.644 GHz modulated carrier. Since we use the two
atom species in this experiment, four lasers are required,
see Fig. 1. The probe laser for 133Cs is a 850.53 nm laser
(6S1/2-6P3/2) focused to a full-width at half maximum
(FWHM) of 425 µm, with a power of 41.2 µW. To gener-
ate an EIT signal, we couple to the 133Cs 6P3/2 – 34D5/2
states by applying a counter-propagating coupling laser
at λc = 511.1480 nm with a power of 48.7 mW, focused to
a FWHM of 620 µm. We apply an RF field at 19.626 GHz
to couple states 34D5/2 and 35P3/2. For
85Rb, the probe
laser is a 780.24 nm laser focused to a full-width at half
maximum (FWHM) of 400 µm, with a power of 22.3 µW.
To produce an EIT signal in 85Rb (using the atomic
states given in Fig. 2), we apply a counter-propagating
coupling laser (wavelength λc = 480.271 nm) with a
power of 43.8 mW, focused to a FWHM of 250 µm. We
apply an RF field at 20.644 GHz to couple states 47D5/2
and 48P3/2.
We use two different photodetectors to measure the
transmission for each probe laser through the atomic va-
por (one for 85Rb and one for 133Cs, see Fig. 1). The
output of the photo-detectors (which are voltage wave-
forms and basically the audio waveforms of the musi-
cal composition) are connected in two different arrange-
ments. First, we simply connect the output of the photo-
detectors to a set of computer speakers. The output for
the 133Cs probe laser photo-detector was connected to
the left computer speaker, and the output for the 85Rb
probe laser photo-detector was connected to the right
computer speaker. In the second arrangement, the out-
put of the two photo-detectors are connect to a stereo
jack and plugged into the microphone input of a com-
puter. We use the open-source program Audacity (men-
tioning this product does not imply an endorsement by
NIST, but serves to clarify the software used) to record
the guitar composition from the microphone input.
We first demonstrate the recording of a single guitar
(the acoustic guitar), and before recording the guitar
composition, we listened to the guitar through the two
speakers. The output sounds from the speakers (apart
from hearing a little noise) was of high fidelity, in that the
musical composition was clearly audible and very under-
standable (see Ref.24 for discussion on audio quantity as-
sessment). We then recorded the guitar composition (via
the microphone input and with Audacity). The recording
is shown in Fig. 3. These curves show the entire record-
ing, as well as zoomed-in part at the beginning, and a
zoomed-in part in the middle. This recording was re-
played thorough the speakers with high-fidelity and were
clearly audible. While noise was present, it had a very
minor effect on the quality of the sounds
We then played a musical duet with the two guitars.
The output sounds from each speaker (apart from hear-
ing a little noise) was of high fidelity, in that the mu-
sical composition was clearly audible and very under-
standable. We then recorded the two guitar composi-
tions from each guitar (via the microphone input and
with Audacity). The recordings are shown in Fig. 4.
As before, these recordings were replayed thorough the
speakers with high-fidelity and were clearly audible.
In the recording of any musical instrument, one needs
to ensure that the recording equipment has enough
bandwidth for the data being recorded. A Rydberg-
atom receiver has a bandwidth of about 1 MHz to
5 MHz25,27,28,30. This bandwidth limit is due to the time
required to populate the atoms to a Rydberg state25,27.
Since music is limited to 20 kHz in frequency, the
Rydberg-atom based recorder can capture the full mu-
sical range of the instrument with high fidelity.
We demonstrated the ability to use a Rydberg-atom
4FIG. 3. Recorded waveforms: (a) the entire time record (the
total time period of these waveforms is approximate 60 sec-
onds), (b) zoomed in at the start of the guitar recording , and
(c) zoomed in in the middle of the guitar recording.
FIG. 4. Recorded waveforms from a guitar duet: (a) electric
guitar and (b) acoustic guitar (for better visualization, the
acoustic guitar data in the figure was put though a high-
pass filter such that the notes of the melody can be easily
distinguished).
based sensor (or receiver/antenna) to allow us to hear
and record in real time a musical composition played on
a guitar (or any other type of musical instrument). The
simultaneous recording of two guitars was also demon-
strated and was accomplished by using two different
atomic species placed in the same vapor cell and detect-
ing the EIT signal from each species. While the results
in this paper used AM to transit, detect, and record a
musical instrument, frequency modulation (FM) of a car-
rier could also be used (as discussed in Ref.24,26, from the
sensing prospective, FM modulation works in a similar
way as as AM). In fact, the AM and FM features of a
SG have been used to transmit and receive AM and FM
radio in stereo24.
The results in this work show an interesting applica-
tions of “atomic physics” applied to the age old topic of
musical recording, quantum physics meets music. It is
quite amazing that over the past decade we have learned
to control ensembles of atoms to such an extent that they
can be used to record waveforms. Hopefully, this ”en-
tertaining” example of an application of the sometimes
esoteric field of quantum physics may entice individuals
to study and apply quantum science to a whole new gen-
eration of quantum devices and thereby help create the
future quantum-based workforce needed to accelerate the
field.
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